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Notch signaling components have long been detected in Sertoli and germ cells in the developing and
mature testis. However, the role of this pathway in testis development and spermatogenesis remains
unknown. Using reporter mice expressing green ﬂuorescent protein following Notch receptor activa-
tion, we found that Notch signaling was active in Sertoli cells at various fetal, neonatal, and adult stages.
Since Notch signaling speciﬁes stem cell fate in many developing and mature organ systems, we
hypothesized that maintenance and differentiation of gonocytes and/or spermatogonial stem cells
would be modulated through this pathway in Sertoli cells. To this end, we generated mutant mice
constitutively expressing the active, intracellular domain of NOTCH1 (NICD1) in Sertoli cells. We found
that mutant Sertoli cells were morphologically normal before and after birth, but presented a number
of functional changes that drastically affected gonocyte numbers and physiology. We observed aberrant
exit of gonocytes from mitotic arrest, migration toward cord periphery, and premature differentiation
before birth. These events, presumably unsupported by the cellular microenvironment, were followed
by gonocyte apoptosis and near complete disappearance of the gonocytes by day 2 after birth.
Molecular analysis demonstrated that these effects are correlated with a dysregulation of Sertoli-
expressed genes that are required for germ cell maintenance, such as Cyp26b1 and Gdnf. Taken together,
our results demonstrate that Notch signaling is active in Sertoli cells throughout development and that
proper regulation of Notch signaling in Sertoli cells is required for the maintenance of gonocytes in an
undifferentiated state during fetal development.
& 2013 Elsevier Inc. All rights reserved.Introduction
In mice, the germ line originates from primordial germ cells
(PGCs), which are speciﬁed at embryonic day (E) 6.5 (reviewed in
Ewen and Koopman (2010) and Culty (2009)). These PGCs migrate,
proliferate, and colonize the gonads by E11 in a manner irrespec-
tive of the sex of the embryo. Once there, the bipotential PGCs
continue to proliferate before they enter a sexually dimorphic and
non-autonomous pathway reliant on important somatic cues based
on the sex of the somatic cells. Between E12.5 and E14.5, female
PGCs in the ovary enter meiosis, which is signaled by retinoic acid
(RA). By contrast, male PGCs in the developing testis do not enter
meiosis because the somatic Sertoli cells produce the enzyme
CYP26B1, which degrades RA (Li et al., 2009; MacLean et al., 2007).
Instead, male PGCs, now called gonocytes, undergo G1/G0 mitoticll rights reserved.
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C. Hofmann).cell cycle arrest. By postnatal day 3 (P3), gonocytes re-enter the cell
cycle, begin to migrate toward the basement membrane of the
testis cords, and differentiate into spermatogonial stem cells
(SSCs), which are the foundation of spermatogenesis and ensure
production of sperm throughout life (McGuinness and Orth, 1992).
Non-obstructive azoospermia results in low or no sperm produc-
tion, and affects approximately 15% of infertile men. Testis biopsies
from these men have revealed either Sertoli-cell only pattern, germ
cell maturation arrest after birth, or hypospermatogenesis (Weedin
et al., 2011). The etiology of these defects remains largely
unknown. Signaling pathways triggered by Sertoli cell-produced
proteins such as FGF2, GDNF, VEGF and KIT ligand, have been
recently studied and have provided valuable information on the
cues that promote germ cell proliferation and differentiation before
and after birth (Caires et al., 2009; Hofmann et al., 2005; Kubota
et al., 2004). However, the role of Notch signaling components,
which have long been detected in Sertoli cells of the developing
andmature testes (Dirami et al., 2001; Hahn et al., 2009; Hasegawa
et al., 2011; Mori et al., 2003; Tang et al., 2008), for germ cell
maintenance and fate remains unknown.
T.X. Garcia et al. / Developmental Biology 377 (2013) 188–201 189Notch signaling is a highly conserved juxtacrine signaling path-
way involved in a variety of cell fate decisions key to the develop-
ment and maintenance of multiple organ and tissue systems (Bray,
2006). Mammals have four Notch receptors (NOTCH1-4) and ﬁve
Notch ligands of the Jagged (JAG1 and JAG2) and Delta (DLL1, DLL3
and DLL4) families (reviewed in Artavanis-Tsakonas and Muskavitch
(2010)). In the canonical Notch signaling pathway, ligand binding to
the Notch receptor triggers g-secretase-mediated cleavage within
the transmembrane domain to release the cytoplasmic C-terminal
Notch intracellular domain (NICD). NICD translocates to the nucleus
and, together with mastermind-like protein (MAML), converts
recombining binding protein suppressor of hairless (RBP-J) from a
transcriptional repressor to a transcriptional activator, triggering the
expression of Notch target genes. While there are many recently
identiﬁed Notch target genes (Bray and Bernard, 2010), the best-
characterized are the hairy/enhancer-of-split (HES) and HES-related
with YRPW motif (HEY) families of transcription factors (Iso et al.,
2001; Ohtsuka et al., 1999). In general, HES and HEY proteins inhibit
the expression of other genes by forming complexes with co-
repressors (Fischer and Gessler, 2007; Iso et al., 2003).
Recent loss-of-function studies have failed to detect a func-
tional signiﬁcance for NOTCH1 in Sertoli cells (Batista et al., 2012;
Hasegawa et al., 2011), suggesting that Notch signaling in Sertoli
cells is dispensable for mouse spermatogenesis. However, expres-
sion of Notch1, 2, and 3 has been detected in Sertoli cells
(Dirami et al., 2001; Hahn et al., 2009; Mori et al., 2003), and
knockout models of single components of Notch signaling some-
times lack a discernible phenotype since paralogues exert redun-
dant or additive functions in maintaining the balance (Kitamoto
et al., 2005; Zeng et al., 1998). Consequently, to exaggerate the
effects of individual components and provide functional insight,
one may resort to an overexpression, or constitutive activation
system (Kopan et al., 1994). Over the past two decades, constitu-
tively active forms of Notch have proven to be a reliable tool for
uncovering the role of Notch signaling in a plethora of tissues and
model systems including Drosophila, Caenorhabditis elegans, and
vertebrates (Coffman et al., 1993; Fortini et al., 1993; Kopan et al.,
1994; Rebay et al., 1993; Roehl and Kimble, 1993).
In the present study, we demonstrate Notch expression and
activation in Sertoli cells. Since the Sertoli cell plays an essential
role in the maintenance and fate determination of germ cells, and
Notch signaling speciﬁes stem cell fate in a variety of developing
and mature organ systems, we hypothesized that maintenance
and differentiation of gonocytes and/or SSCs may be modulated
through this pathway in the mouse testis. To test this, we created
NICD1 conditional overexpressor mice using the Cre–loxP-system
(Kuhn et al., 1995). Here we show that increased activation of
Notch signaling in Sertoli cells induced premature differentiation
and migration of gonocytes leading to their apoptosis and a
Sertoli cell-only phenotype by P2. Molecular analysis demon-
strated that these effects are correlated with a dysregulation of
Sertoli-expressed genes that are required for germ cell mainte-
nance, such as Cyp26b1 and Gdnf. Therefore, our results demon-
strate that improper Notch signaling in fetal Sertoli cells is
incompatible with the maintenance of gonocytes in an undiffer-
entiated and quiescent state during fetal testis development.Materials and methods
Reporter mice and the generation of conditional NICD1
overexpressors
Transgenic Notch Reporter GFP (TNR-GFP) mice (Duncan et al.,
2005) were used to detect active Notch signaling in situ. This mouse
line contains a RBP-J response element with four RBP-J-binding sitesand a minimal SV40 promoter, followed by a GFP coding sequence
(Duncan et al., 2005). To identify undifferentiated (POU5F1 positive)
spermatogonia in primary isolated cells, we used B6;CBA-
Tg(Pou5f1-EGFP)2Mnn/J transgenic mice, which express GFP under
the control of the POU domain, class 5, transcription factor 1,
promoter and distal enhancer. Both reporter strains were main-
tained as homozygotes on a CD-1 genetic background.
Heterozygous Tg(AMH-cre)1Flor (Amh-cre) (Lecureuil et al.,
2002) female mice were mated to homozygous ﬂoxed Gt(Ro-
sa)26Sortm1(Notch1)Dam/J (RosaNICD) (Murtaugh et al., 2003) male
mice to generate F1 Amh-cre;Rosa
NICD/þ overexpressors and Rosa-
NICD/þ controls. Amh-cre genotyping was as previously described
(Lecureuil et al., 2002) and RosaNICD genotyping was performed
according to The Jackson Laboratory (Bar Harbor, ME) protocol.
For timed matings to obtain fetal samples, male and female
mice were paired together and checked for the presence of a
vaginal plug. The day a vaginal plug was detected was considered
E0.5. Mice were housed in accordance with NIH guidelines and
experimental protocols were approved by the Institutional Ani-
mal Care and Use Committee (IACUC) at the University of Illinois
at Urbana-Champaign and Duke University Medical Center.
Primary cell isolation and Sertoli cell cultures
Primary testicular cells were isolated from pups according to a
2-step enzymatic digestion protocol, which eliminates interstitial
and peritubular myoid cells, and provides a cell suspension
enriched for cells residing within the seminiferous epithelium –
Sertoli cells and spermatogonia only – as previously described
(Garcia and Hofmann, 2012).
For Sertoli cell culture, cells isolated from P2 wild-type testes,
or P10 RosaNICD and Amh-cre;RosaNICD testes, were resuspended in
DMEM/F-12 and plated on Matrigel-coated dishes. The medium
was changed after 4 h to remove residual non-adherent cells, and
the Sertoli cells were cultured for an additional 10 days before
RNA isolation, with passages on the 3rd and 7th day to ensure
complete removal of residual spermatogonia. The use of DMEM/F-
12 without serum as medium, and dishes pre-coated with
Matrigel throughout the culture period, ensured proper growth
conditions for Sertoli cells only (Simon et al., 2010). For in vitro
Notch activity knockdown studies, N-[(3,5-diﬂuorophenyl)ace-
tyl]-L-alanyl-2-phenyl]glycine-1,1-dimethylethyl ester (DAPT;
Tocris Bioscience, Bristol, UK) was resuspended in DMSO to a
stock concentration of 100 mM, diluted in DMSO to 1 mM, 5 mM,
and 25 mM, then added to cells 1:1000 to ﬁnal DAPT concentra-
tions of 1 mM, 5 mM, and 25 mM, respectively. Control treated cells
received the same amount (1:1000; 0.1%) of DMSO vehicle.
Isolation of Sertoli cells and Pou5f1-GFP positive and negative
spermatogonia
For speciﬁc isolation of cell populations enriched for Sertoli
cells, undifferentiated spermatogonia, and early differentiating
spermatogonia, a combination of differential plating and
ﬂuorescence-activated cell sorting was used on primary cells
isolated from P10 B6;CBA-Tg(Pou5f1-EGFP)2Mnn/J mice, which
express GFP in Pou5f1-expressing cells. Three separate pools of
Pou5f1-GFP cells (one pool of wild-type pups as negative control
for ﬂow cytometry) were isolated and processed in parallel. Each
pool consisted of 4 testes from 2 pups. Brieﬂy, 6106 testicular
cells per pool of testes were resuspended in DMEM/F-12 (without
serum) and plated separately onto 100 mm dishes containing a
thin coat of Matrigel (BD Biosciences, San Jose, CA) each. After
incubation at 37 1C for 1.5 h, non-adherent cells were removed
and processed for ﬂuorescence-activated cell sorting (FACS) of
Pou5f1-GFP positive and negative cells as previously described
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additional time, and visually conﬁrmed for Sertoli cell morphol-
ogy. Adherent cells were then trypsinized and counted. 5104
cells per fraction were processed for qRT-PCR.
Histology and immunohistochemistry
For histological evaluation of adult testes, testes were
immersion-ﬁxed in Bouin’s solution overnight at room tempera-
ture, rinsed several times in 70% ethanol, then dehydrated in a
graded ethanol series for ﬁnal parafﬁn embedding, sectioning at
5 mm thickness, and staining with hematoxylin–eosin (HE) accord-
ing to standard protocols.
Immunohistochemistry of RosaNICD and Amh-cre;RosaNICD
testes was carried out as previously described (Simon et al.,
2010). All multi-channel ﬂuorescent images shown in the ﬁgures
and/or used for analysis were high-resolution, tiled and stitched
images of entire gonad cross-sections, acquired with a 63 oil
immersion objective on a fully motorized Zeiss Axiovert 200 M
inverted microscope (Zeiss, Germany) equipped with the Zeiss
AxioVision image acquisition and analysis software. The primary
antibodies used and their dilutions are listed in Supplementary
Table 1. For each staining, time point, and genotype, analysis was
done with at least three separate images from separate fetuses
or pups.
Immunohistochemistry for TNR-GFP testes
For stages E12.5 and E13.5, testes were dissected in PBS and
ﬁxed in 4% PFA overnight at 4 1C. Immunoﬂuorescence staining
was performed as previously described (DeFalco et al., 2011).
For stages E14.5 through P12, testes were ﬁxed in 4% paraf-
ormaldehyde (PFA) overnight at 4 1C and washed with 0.1% Triton
X-100 in PBS (PBTx). Samples were processed through a sucrose
gradient (10%, 15%, 20%, 20%:OCT (Sakura) 1:1 overnight at 4 1C)
before embedding in OCT for cryo-sectioning at 20 mm. Sections
were then stained as previously described (Cook et al., 2009).
For stages P18 and older, the tunica of the testis was gently
punctured 10–12 times with a 27-gauge needle before being ﬁxed
in 4% PFA overnight at 4 1C. Samples were then cut in half with a
scalpel and ﬁxed for an additional 1 h in PFA at 4 1C to ensure
ﬁxative could access the center of the tissue. After several washes
in PBTx, samples were processed through a sucrose gradient as
described above before embedding in OCT for sectioning at 20–
25 mm. All samples were mounted on slides using 2.5% DABCO
(Sigma-Aldrich) in 90% glycerol and imaged on a Leica SP2
confocal microscope.
Quantitative germ cell analyses
For any given testis section, a value of mean GCNA positive
cells per circular tubule cross-section was determined as pre-
viously described (Naughton et al., 2006), with modiﬁcations.
High-resolution, tiled and stitched multi-channel ﬂuorescent
images of entire gonad cross-sections were obtained. Using image
analysis software, an outline was drawn around all clearly deﬁned
tubules regardless of shape, and the total area (mm2) within the
tubules was determined. The mean area of circular tubule cross-
sections was determined separately. All germ cells within all
tubule cross-sections whose area contributed to the total tubule
surface area were counted. The number of GCNA positive cells per
circular tubule cross-section was determined by multiplying the
number of GCNA positive cells per total tubule surface area
(GCNA positive cells/um2) by the mean area of circular tubule
cross-sections for the control group at a given time point. For each
time point and genotype, this was done with at least threeseparate high-resolution, tiled and stitched images from separate
fetuses or pups. This method was used in order to effectively
include germ cell numbers in oval and oblong cord cross-sections,
which is often a requirement for accurate quantitation of ages
E13.5–E15.5.TUNEL assay
Terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) assay was performed on parafﬁn sections using Roche’s
In Situ Cell Death Detection Kit, TMR red (Roche Co., Ltd.,
Indianapolis, IN, USA) according to the manufacturer’s instruc-
tions. For co-labeling with antibodies, TUNEL procedure was
performed ﬁrst, followed by immunolabeling as described above.Microarray analysis
E14.5 embryos were isolated from pregnant dams and fetal
testes were dissected free from mesonephroi. Testes from one
control and one overexpressor fetus per dam from three separate
dams were used for analysis on Illumina MouseWG-6 v2 Expres-
sion BeadChip array (3 biological replicates per group). All
processing from frozen testes, including RNA isolation, ampliﬁca-
tion, labeling and hybridization, was performed by QIAGEN
Genomics Services (Frederick, MD). Data analysis was performed
using GeneSpring software (Agilent Technologies, Santa Clara, CA)
and expression changes were considered signiﬁcant if the P-value
was r0.05 and if fold-change was Z2.0. The normalized and
unnormalized data are deposited in the Gene Expression Omnibus
(GEO) (Edgar et al., 2002) under accession number GSE37073.
Details of qRT-PCR including RNA extraction and reverse tran-
scription are described under Supplementary Methods.RNA extraction and quantitative real-time PCR
RNA extraction, reverse transcription, and qRT-PCR were
performed using the TaqMan Gene Expression Cells-to-CT Kit
(Applied Biosystems, Carlsbad, CA) according to manufacturer’s
instructions. Relative quantitative fold change was determined
using the DDCt method. In all analyses, the expression value of
each gene was normalized to the amount of an internal control
gene (Eif3l or Rps3) (de Jonge et al., 2007) cDNA to calculate a
relative amount of RNA in each sample. qRT-PCR was carried out
with at least 3 biological replicates per group, and each biological
replicate was carried out in duplicate or triplicate per plate. The
raw critical threshold values of technical replicates were averaged
before mean, standard error, and statistical analysis was deter-
mined for the biological replicates. The TaqMans assays used for
speciﬁc transcripts are listed in Supplementary Table 2.Statistical analysis
All data are presented as mean7SEM (standard error of the
mean). Statistical signiﬁcance between two sample groups was
assessed by two-tailed student’s t-test. Statistical analysis was
performed with GraphPad Prism software (GraphPad Software,
Inc., La Jolla, CA) and signiﬁcance was accepted at Po0.05. For all
experimental endpoints, analysis was done with at least three
separate testes from separate fetuses or pups. A summary of the
number of testes used for each experiment is listed in Supple-
mentary Table 3.
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Expression and activation of NOTCH1 in Sertoli cells
Since previously published studies do not entirely agree on the
pattern of expression of NOTCH signaling components in the fetal
and postnatal testis (Dirami et al., 2001; Hasegawa et al., 2011;
Hayashi et al., 2001; Mori et al., 2003; von Schonfeldt et al., 2004),
we began by evaluating the relative expression of Notch1 and Hes1
in cell fractions enriched for Sertoli cells, undifferentiated sperma-
togonia (Pou5f1þ), and early differentiating spermatogonia
(Pou5f1-) using a transgenic Pou5f1 reporter mouse (Pou5f1-GFP)
whose expression of GFP is under the control of the Pou5f1
promoter and distal enhancer (Szabo et al., 2002). Testicular cells
from three sets of P10 Pou5f1-GFP pups (4 testes from 2 pups
per set) were isolated and processed in parallel. Vimentin (Vim), a
marker of somatic cells (Paranko et al., 1986), was signiﬁcantly
increased (P¼7.13107) in the Sertoli fraction, and Pou5f1 was
signiﬁcantly increased (P¼3.40104) in the POU5F1þ fraction,
supporting the relative enrichment of these cell populations
(Fig. 1). Consequently, examination of Notch1 and Hes1 gene
expression in these fractions revealed that both genes were
expressed at the highest levels in the Sertoli fraction (Notch1,
P¼5.10108; Hes1, P¼7.19107) (Fig. 1). These data are in
agreement with Hahn et al. (2009), which demonstrated Notch1
expression in Sertoli cells (Hahn et al., 2009).
Next, to establish that Notch receptor activation, not just
expression, takes place in Sertoli cells, we utilized a transgenic
Notch reporter mouse (TNR-GFP) whose expression of GFP is driven
by a promoter containing four RBP-J binding sites (Duncan et al.,
2005). Since NICD converts RBP-J from a transcriptional repressor to
a transcriptional activator, GFP expression mimics endogenous
Notch effector gene expression. To delineate the boundary betweenFig. 1. Relative expression of Notch1 and Hes1 in Sertoli cells and undiffer-
entiated and early differentiating spermatogonia. ((A)–(D)) Real-time PCR
analysis of gene expression in Sertoli cells, undifferentiated spermatogonia (GFP
positive cells), and early differentiating spermatogonia (GFP negative cells)
isolated from P10 Pou5f1-GFP testes. Vim is a marker for Sertoli cells, Pou5f1 is a
marker for undifferentiated spermatogonia, and Hes1 is a canonical Notch target
gene. Results are given as means7standard error means (SEMs). Statistical
analysis was performed by single factor ANOVA.Sertoli cells and germ cells at different ages before and after birth,
and positively identify the cells expressing TNR-GFP, several cyto-
plasmic, nuclear, andmembrane markers of germ cells (MVH, GCNA,
and PECAM1) and Sertoli cells (AMH and SOX9) were co-labeled
with anti-GFP. As seen in Fig. 2, expression of TNR-GFP was detected
in Sertoli cells, but not in germ cells, at all fetal (E12.5, n¼8; E13.5,
n¼6; and E16.5, n¼4), neonatal (P3, P12, and P18, n¼3 each), and
adult (P60, n¼3) stages assessed. These data demonstrate that
Notch signaling takes place in Sertoli cells at various times before
and after birth, and are in agreement with the Notch activation
lineage tracing model used by Hasegawa et al. (2011).
Generation of Sertoli cell speciﬁc NICD1 overexpressor mice
To determine whether Notch signaling in Sertoli cells can regulate
the fate of germ cells, we generated a mouse model with constitutive
expression of NICD1 in Sertoli cells by intercrossing anti-Mu¨llerian
hormone (Amh)-cre transgenic mice and RosaNICD transgenic mice.
The RosaNICD transgene contains a STOP fragment ﬂanked by loxP
sites, followed by the NICD1 sequence. When recombined with Amh-
cre, this results in the removal of the STOP fragment and subsequent
constitutive expression of NICD1 in Sertoli cells. Endogenous Amh
expression is speciﬁc to Sertoli cells and begins as early E11.5–12.5
(Hacker et al., 1995). The Amh-cre strain used in our study (Lecureuil
et al., 2002) has been previously shown to effectively recapitulate
endogenous Amh expression as protein ablation in knockout models
can be observed as early, but no earlier than E13.5 (Barrionuevo et al.,
2009; Kim et al., 2010). Furthermore, crossing of this Amh-cre strain
with a LacZ reporter strain has been previously reported to result in
Cre-mediated recombination in all Sertoli cells (De Gendt et al., 2004).
The RosaNICD allele has been used in a vast array of tissue-speciﬁc
studies (Goldberg et al., 2011; Hartman et al., 2010; Jadhav et al.,
2006; Murtaugh et al., 2003; Tang et al., 2008; Zong et al., 2009), and
in each study the allele has been reported to effectively express
NICD1 upon Cre-mediated recombination.
The NICD1 sequence inserted into the Rosa26 locus of the
RosaNICD mouse corresponds to amino acids 1749–2293 of mouse
NOTCH1 only (Murtaugh et al., 2003). To delineate expression of
NICD1 from the recombined RosaNICD transgene, we performed
qRT-PCR using TaqMan probes that sit within and outside of the
NICD1 sequence of Notch1 (schematic, Fig. 3A). At E14.5 and in
comparison to RosaNICD/þ controls (n¼6 testes), transcripts con-
taining NICD1 sequence were signiﬁcantly increased (1.77-fold;
P¼2.62104) in Amh-cre;RosaNICD/þ whole testes (n¼4), how-
ever transcripts derived from endogenous Notch1 only were not
signiﬁcantly different (P¼0.948) in the same set of samples
(Fig. 3B). This increase in NICD1 expression was observed at
E17.5 (1.87-fold; P¼3.75103; n¼3 RosaNICD/þ testes and n¼7
Amh-cre;RosaNICD/þ testes), and a signiﬁcant increase in the expres-
sion of the canonical Notch effector genes, Hey1 (2.46-fold;
P¼1.56104) and Heyl (1.80-fold; P¼2.35103), was
observed at E14.5 and E17.5, respectively (Fig. 3B). Additionally,
three separate cultures of Amh-cre;RosaNICD/þ Sertoli cells (SC)
established from three separate pups showed a statistically sig-
niﬁcant increase (2.41-fold; P¼9.00108) in NICD1 expression
(Fig. 3B) relative to littermate control cultures (n¼3 cultures from
3 pups). Taken together, these results demonstrate appropriate
conditional expression of the RosaNICD transgene, and demonstrate
that the expression of NICD1 from RosaNICD is capable of up-
regulating, or inducing, canonical Notch effector gene expression.
Overexpression of NICD1 in fetal Sertoli cells results in Sertoli cell-
only phenotype
The crosses of RosaNICD homozygous males with Amh-cre
females to generate overexpressors (Amh-cre;RosaNICD/þ) and
Fig. 2. Sertoli cells undergo active Notch signaling in fetal, juvenile, and adult stages. Immunoﬂuorescence images of testes from Transgenic Notch Reporter GFP (TNR-
GFP) mice in fetal ((A)–(C)), postnatal/juvenile ((D)–(F)), and adult (G) stages. Exact stages are noted in the ﬁrst and second panels of each row. In the ﬁrst column, germ
cells are labeled in blue with PECAM1 in (A)–(D) and with Mouse Vasa Homolog (MVH) in (E)–(G). The three right-most columns are high-magniﬁcation images focusing
on individual testis cords, highlighting strong expression of TNR-GFP (green) in Sertoli cells (red) and absence of TNR-GFP expression in germ cells (blue). In the high-
magniﬁcation images, germ cells are labeled with PECAM1 (membrane stain) in (A)–(D) and Germ cell nuclear antigen (GCNA) in (E)–(G). Sertoli cells are labeled with
SOX9 (nuclear stain) in (A) and (B) and (E)–(G) and with AMH (cytoplasmic stain) in (C) and (D). Scale bars represent 50 mm. (For interpretation of the references to color in
this ﬁgure legend, the reader is referred to the web version of this article.)
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genotypes at expected Mendelian ratios (data not shown). Rosa-
NICD/þ control males (n¼6) housed for 2 breeding cycles at 7–8
weeks of age with wild-type CD-1 females all sired litters.
However, none of the littermate overexpressor males (n¼6) sired
any litters during the same time period. The mean paired testis
weight (7SEM) in overexpressor animals at 6 months of age was
signiﬁcantly lower than that of control males at this age
(12.570.8 mg vs. 105.3711.4 mg, n¼3, P¼0.001), meanwhilemean body weight (7SEM) remained the same (34.171.7 g vs.
30.772.2 g, n¼3, P¼0.133) (side-by-side comparison of testes,
Fig. 4A and B). Time-course analysis of testis morphogenesis using
germ cell nuclear antigen (GCNA), an immunohistochemical
marker of germ cells (Enders and May, 1994), revealed a statis-
tically signiﬁcant 54.9% decrease in GCNA positive germ cells by
E17.5 (n¼5 RosaNICD/þ testes and n¼6 Amh-cre;RosaNICD/þ testes;
P¼8.95103) and near-complete 92.7% ablation of germ cells
by P2 (n¼3 RosaNICD/þ testes and n¼3 Amh-cre;RosaNICD/þ testes;
Fig. 3. Notch1, RosaNICD, and canonical Notch target gene expression following
Amh-cre mediated recombination. (A) Schematic representation of the mouse
Notch1 transcript (Nm_008714.3; nucleotides 1-9497), highlighting the CDS (265-
7860), NICD (5509-7144), and TaqMan probe [Mm00627192_m1 (1819744),
Mm00435249_m1 (6165738)] positions, which sit inside (in) and outside (out) of
the NICD. (B) Real-time PCR analysis of gene expression in RosaNICD/þ (black bars)
and Amh-cre;RosaNICD/þ (grey bars) whole testes at E14.5 and E17.5, and primary
cultures of Sertoli cells (SC) isolated from P10 testes. Notch1 (in)
(Mm00435249_m1) represents relative transcript levels of Notch1 and RosaNICD,
whereas Notch1 (out) (Mm00627192_m1) represents relative transcript levels of
Notch1 only. Hey1 and Heyl are canonical Notch target genes. Results are given as
means7standard error means (SEMs). Statistical analysis was performed by
student’s t test. nZ3, nnPo0.05 and nnnPo0.001.
Fig. 4. Constitutive expression of NICD1 in fetal Sertoli cells results in
progressive germ cell loss. ((A) and (B)) Stereomicroscopy images of testes from
RosaNICD/þ (A) and Amh-cre;RosaNICD/þ (B) males at P2, P10, and P180. ((C) and (D))
Brightﬁeld images of hematoxylin and eosin-stained RosaNICD/þ (C) and Amh-
cre;RosaNICD/þ (D) testis sections at P60. ((E)–(J)) Immunoﬂuorescence images of
RosaNICD/þ ((E), (G) and (I)) and Amh-cre;RosaNICD/þ ((F), (H) and (J)) testis sections
at E15.5 ((E) and (F)), E18.5 ((G)–(H)), and P2 ((I) and (J)). Germ cells are marked
by Germ cell nuclear antigen (GCNA) in red and nuclei are marked by DAPI in blue.
Scale bars represent 1 mm ((A) and (B)) and 100 mm ((C)–(J)). Higher magniﬁca-
tion insets ((E)–(J)) are 100 mm100 mm. (K) Quantitation of GCNA positive cells
(mean7SEM) of circular tubule cross-sections at the indicated time points. The
number of GCNA positive cells in oval and oblong tubule cross-sections was
normalized to circular tubule cross-sections based on tubule cross-sectional area.
nnPo0.05; nnnPo0.001. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)
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Consistently, the germinal epithelium of adult overexpressors
was devoid of germ cells (Fig. 4C and D).
Proliferation and differentiation markers of Sertoli cells appear
unaltered in fetal Amh-cre;RosaNICD/þ testes
To evaluate Sertoli cell differentiation status, we examined
their expression of SRY (sex determining region Y)-box 9 (SOX9).
Sox9 gene expression begins in Sertoli cell precursors between
E10.5 and E11.5 in the mouse (Kent et al., 1996) and is widely
accepted as a marker of Sertoli cell differentiation. Sertoli cells at
all time points analyzed – E15.5, E17.5, P2, P5, P10, and P60 –
continued to express normal levels of SOX9 protein in Amh-
cre;RosaNICD/þ testes relative to RosaNICD/þ (nZ3 each genotype
and time point; P40.05) (representative E17.5 and P2 images,
Fig. 5A and D). Consistently, the expression of Sox9mRNA was not
signiﬁcantly different (P¼0.262) in Amh-cre;RosaNICD/þ fetal
testes (n¼4) relative to littermate controls (n¼6) at E14.5
(Fig. 5E). Likewise, the expression of Dhh, another Sertoli cell
speciﬁc gene (Bitgood et al., 1996), and Vim, a marker of Sertoli
and Leydig cells (Paranko et al., 1986), were not signiﬁcantly
different at E14.5 (P¼0.306) and E17.5 (P¼0.879), respectively
Fig. 5. Sertoli cell differentiation is normal following constitutive expression
of NICD1. ((A)–(D)) Immunoﬂuorescence images of RosaNICD/þ ((A) and (C)) and
Amh-cre;RosaNICD/þ ((B) and (D)) testis sections at E17.5 ((A) and (B)) and P2
((C) and (D)), showing SOX9 (green), GCNA (red), and DAPI (blue) staining. Scale
bars represent 100 mm. Higher magniﬁcation insets are 100 mm100 mm. Repre-
sentative SOX9 positive Sertoli cells marked with arrowheads. (E) Real-time PCR
analysis of Dhh, Sox9, and Vim gene expression in RosaNICD/þ and Amh-cre;RosaNICD/
þ whole testes at the indicated time points, E14.5 and E17.5. Results are given as
means7standard error means (SEMs). Means are not signiﬁcantly different.
Statistical analysis was performed by student’s t test. nZ3. (For interpretation
of the references to color in this ﬁgure legend, the reader is referred to the web
version of this article.)
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did not result from overtly abnormal Sertoli cell differentiation.
To examine whether Sertoli cell proliferation was affected by
increased activation of Notch signaling, we examined the expres-
sion of antigen identiﬁed by monoclonal antibody Ki-67 (MKI67)
in testes at E17.5, P2, P5, and P10. MKI67 is an informative
indicator of cells undergoing proliferation as it is expressed
during all active phases of the cell cycle (G1, S, G2, and mitosis),
but is absent from resting (G0) cells (Scholzen and Gerdes, 2000).
Amh-cre;RosaNICD/þ Sertoli cells continued to express MKI67 at
the same level as in controls at all perinatal time points analyzed
(arrowheads, Fig. 6C and F).
Fetal Amh-cre;RosaNICD/þ gonocytes display premature exit from
mitotic arrest
Gonocytes, which are normally arrested at the G1/G0 transi-
tion, and do not normally express MKI67 at E16.5 (Western et al.,
2008), showed staining for MKI67 in mutant testes, but not in the
control (chevrons, Fig. 6F). Quantitation of MKI67 positive germcells in fetal gonads demonstrated gonocytes in the mutant were
able to enter mitotic quiescence, as the number of MKI67 positive
gonocytes in controls (2.9%, n¼3) and mutants (4.3%, n¼3) at
E14.5 were low and not signiﬁcantly different (Fig. 6G). However,
from E15.5 to E18.5, MKI67 positive gonocytes were signiﬁcantly
elevated in the mutant (28.4%, 76.2%, 58.3%, and 52.1% at E15.5,
E16.5, E17.5, and E18.5, respectively), whereas no MKI67 positive
gonocytes could be found in controls from E15.5 to E17.5, and
only a low reemergence (3.3%) was found at E18.5 (Fig. 6G).Fetal Amh-cre;RosaNICD/þ gonocytes associate with cord periphery
An interesting observation made from all immunohistochem-
ical evaluations of fetal testes was the signiﬁcant increase in
gonocytes in close association with the basement membrane at
E17.5 (arrows, Fig. 6F). Gonocytes at this stage of development are
usually separated from the basement membrane by a layer of
Sertoli cells, and it is not until approximately the third postnatal
day that these gonocytes gain the ability to migrate toward the
periphery of the testis cords (Orth and McGuinness, 1994).
Quantitation of basement membrane associated GCNA positive
cells at E17.5 demonstrated a statistically signiﬁcant 8.9-fold
increase (P¼5.15106) in Amh-cre;RosaNICD/þ testes (n¼4)
relative to RosaNICD/þ control testes (n¼4) (Fig. 6H). These results
indicate that the gonocytes, properly residing within the interior
of the testis cord, abnormally migrated towards the basement
membrane.Fetal germ cells undergo premature differentiation
in Amh-cre;RosaNICD/þ testes
To examine whether gonocytes are undergoing aberrant and
premature differentiation, sections from E15.5 and E17.5 Amh-
cre;RosaNICD/þ and littermate RosaNICD/þ testes were stained for
STRA8 and SYCP3. Stimulated by retinoic acid, gene 8 (STRA8) is
expressed in response to meiosis-inducing retinoic acid cues and
is required for pre-meiotic DNA replication and subsequent entry
into meiosis (Koubova et al., 2006; Zhou et al., 2008). Synapto-
nemal complex protein 3 (SYCP3) is a meiosis-speciﬁc component
of the axial and lateral axes of the synaptonemal complex (Cobb
and Handel, 1998), which is required for progression through
prophase I of meiosis (Yuan et al., 2000). At E15.5 and E17.5, in
contrast to RosaNICD/þ testes in which zero STRA8 or SYCP3
positive cells were observed (Fig. 7A–C and G–I, representative
of all control samples), most if not all gonocytes were STRA8 and
SYCP3 positive in Amh-cre;RosaNICD/þ testes (Fig. 7D–F and J–L,
representative of all mutant samples). Quantitation at E15.5
revealed that 93.574.3 and 73.375.6 percent (mean7SEM) of
all GCNA positive cells per testis cross-section were STRA8 and
SYCP3 positive, respectively (n¼4 each genotype and staining;
P¼2.06104, STRA8; P¼9.77104, SYCP3). Additionally, we
examined the transcript levels of spermatogenesis and oogenesis
speciﬁc basic helix-loop-helix 2 (Sohlh2) at E17.5. Normal fetal
gonocytes do not express Sohlh2, which is upregulated during,
and required for, the progression of differentiating type A sper-
matogonia into type B spermatogonia in postnatal testes (Hao
et al., 2008). Consistently, we found a signiﬁcant (P¼4.15104)
6.3-fold increase in Sohlh2 transcripts in Amh-cre;RosaNICD/þ
testes (n¼7) relative to littermate RosaNICD/þ controls (n¼3)
(Supplementary Fig. 1). Taken together, these results provide
evidence that the gonocytes underwent aberrant and premature
differentiation, including expression of components speciﬁc to
meiosis.
Fig. 6. Sertoli cell proliferation is normal, however germ cell mitosis and tubule position is abnormal. ((A)–(F)) Immunoﬂuorescence images of RosaNICD/þ ((A)–(C))
and Amh-cre;RosaNICD/þ ((B)–(F)) testis sections at E16.5, showing MKI67 (green), GCNA (red), and DAPI (blue) staining. Scale bars represent 100 mm. Higher magniﬁcation
insets are 100 mm100 mm. Examples of basement membrane-associated germ cells (arrows, (F)); MKI67 positive Sertoli cells (arrowheads, (C) and (F)); and MKI67
positive germ cells (chevrons, (F)) as marked. (G) Quantitation of percent total MKI67 positive germ cells at the indicated time points, E14.5–E18.5. (H) Quantitation of
percent total GCNA positive cells associated with the basement membrane at E17.5. Results are given as means7standard error means (SEMs). Statistical analysis was
performed by student’s t test. nZ3, nnnPo0.001. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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gonocyte apoptosis
In addition to the evident exit from mitotic quiescence (Fig. 6), a
decrease in gonocyte numbers was readily observed over time
(Fig. 4). To investigate whether the loss of gonocytes resulted from
increased cell death, we examined apoptosis by TUNEL assay. In the
control testes, only a few if any TUNEL positive cells were observed
at E15.5 and E17.5. Quantitation of entire testis cross-sections
revealed a mean (7SEM) of 0.1570.05 and 0.041670.0169 TUNEL
positive cells per tubule cross-section at E15.5 (n¼4) and E17.5
(n¼3), respectively (representative images in Fig. 8A and C).
However, in overexpressor testes, a signiﬁcant increase in TUNEL
positive cells per tubule cross-section was observed. This increase
amounted to 1.8070.237 and 1.9770.288 TUNEL positive cells per
tubule cross section, or a 12- and 47-fold increase over control, at
E15.5 (n¼4) and E17.5 (n¼4), respectively (P¼2.12103 and
P¼5.44104; representative images in Fig. 8B and C). At P5, little
to no apoptotic cells remained in the overexpressor testes as almost
all gonocytes were lost by this age. The position and morphology of
the TUNEL positive cells indicated the presence of apoptotic
gonocytes. To exclude the possibility that the TUNEL positive cells
may instead be apoptotic Sertoli cells, we co-stained with SOX9
antibody next. TUNEL/SOX9 double positive cells could not be found
(n¼3 each genotype; representative images in Fig. 8E and F),
providing evidence that gonocytes rather than Sertoli cells under-
went apoptosis.
Overexpression of NICD1 in fetal Sertoli cells leads to a loss of
CYP26B1 expression
To determine whether expression of CYP26B1 was reduced in
Amh-cre;RosaNICD/þ testes, we performed immunostaining andqRT-PCR for CYP26B1 protein and mRNA at E15.5 and E14.5,
respectively. RosaNICD/þ control testes (n¼3) showed immunos-
taining for CYP26B1 in Sertoli and Leydig cells, with equivalent
intensity in each cell type (representative image, Fig. 9A). How-
ever, Amh-cre;RosaNICD/þ testes (n¼3) showed signiﬁcantly less
staining in Sertoli cells when compared to Leydig cells within
individual sections (representative image, Fig. 9B). qRT-PCR
analysis conﬁrmed a decrease in expression at the mRNA level,
as CYP26B1 transcripts were found to be 2.8-fold decreased
(P¼0.0180) in Amh-cre;RosaNICD/þ testes relative to littermate
RosaNICD/þ controls (Fig. 9C).
Taken together, these results demonstrate that CYP26B1
expression in Sertoli cells can be regulated by Notch signaling,
and considering the fundamental role of CYP26B1 in gonadogen-
esis (Li et al., 2009; MacLean et al., 2007), the loss in CYP26B1
following increased activation of Notch in our model, may at least
in part explain the aberrant and premature entry of gonocytes in
Amh-cre;RosaNICD/þ testes into meiosis.
Global gene expression analysis of fetal Amh-cre;RosaNICD/þ testes
The aforementioned cellular events leading to a Sertoli cell-
only phenotype in Amh-cre;RosaNICD/þ mice demonstrated to us
that Notch signaling in Sertoli cells can regulate factors required
for proper gonocyte maintenance. In an effort to glean additional
insight into factors potentially regulated by Notch signaling in
Sertoli cells, one pair of control and one pair of overexpressor
testes at E14.5 were isolated from the offspring of 3 separate
dams and processed for Illumina BeadChip array (microarray)
analysis. The age of E14.5 was selected so as to allow the
identiﬁcation of early response genes and to ensure that gene
expression changes were not due to the drastic loss of gonocytes
at later timepoints. The normalized and unnormalized data are
Fig. 7. Gonocytes express the meiosis speciﬁc proteins, STRA8 and SYCP3, in Amh-cre;RosaNICD testes. ((A)–(L)) Immunoﬂuorescence images of RosaNICD/þ ((A)–(C) and
(G)–(I)) and Amh-cre;RosaNICD/þ ((D)–(F) and (J)–(L)) testis sections at E15.5. STRA8 and SYCP3 (green), GCNA (red), and DAPI (blue). Scale bars represent 100 mm. Higher
magniﬁcation insets are 100 mm100 mm. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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2002) under accession number GSE37073.
Statistically signiﬁcant (po0.05) changes in the expression
level of 69 transcripts were identiﬁed whose change in expression
was 2.0-fold or greater. Of these, 47 transcripts were up-regulated
and 22 were down-regulated in overexpressor testes relative to
control. As no RNA or cDNA remained from the small samples
used for Illumina BeadChip array, a new set of E14.5 control
(n¼6) and overexpressor (n¼4) testes were used for subsequent
TaqMan-based qRT-PCR analysis of whole testes. Out of the pool
of 19 candidate genes chosen for validation, similar statistically
signiﬁcant (po0.05) changes in the expression of 16 genes (84%
of total) were found. Table 1 lists those 19 genes that were tested.
As alluded to in Fig. 3B, Hey1, a canonical Notch target gene of
the HES/HEY family, was found signiﬁcantly (P¼8.81104) up-
regulated 2.3-fold on our array. This increase was conﬁrmed
through qRT-PCR with a similar signiﬁcant increase of 2.5-fold
(P¼1.56104) (Table 1).
Consistent with our immunohistochemical result demonstrat-
ing an increase in the meiosis-speciﬁc marker STRA8 (Fig. 7A–F),
we found that Stra8 was signiﬁcantly upregulated 4.0- and 163-
fold through microarray and qRT-PCR analysis (P¼4.32102
and 2.42104, respectively) (Table 1). Additionally, REC8
homolog (Rec8), a meiotic-speciﬁc cohesin that ﬁrst appears in
preleptotene and leptotene spermatocytes, and plays an essential
role in proper synaptonemal complex topography during meiosis
(Eijpe et al., 2003), was signiﬁcantly up-regulated 3.4- and 6.8-
fold through microarray and qRT-PCR analysis (P¼2.32102
and 1.66104, respectively) (Table 1).Interestingly, the only growth factor gene represented with
statistically signiﬁcant changes at any fold-change on the micro-
array was Gdnf, with a 2.1-fold decrease (P¼2.47102) in Amh-
cre;RosaNICD/þ testes (Table 1). qRT-PCR analysis conﬁrmed this
decrease with a signiﬁcant (P¼8.44105) 5.4-fold decrease
(Table 1 and Fig. 9D). Consistently, transcripts for Gdnf remained
signiﬁcantly decreased at E17.5 (4.8-fold decrease; P¼2.28
107) (Fig. 9D). In addition to demonstrating that the decline in
Gdnf transcripts persists at various developmental time-points,
cultured Amh-cre;RosaNICD/þ Sertoli cells isolated from P10 testes
showed a 5.9-fold decrease (P¼2.95108) (Fig. 9D), conﬁrming
that the decrease indeed occurred in Sertoli cells.
NOTCH loss of function assay shows Cyp26b1 and Gdnf increases in
Sertoli cells
To determine whether the decrease in Cyp26b1 and Gdnf is
speciﬁc to the increase in Notch signaling in Sertoli cells, we
carried out a complementary approach of down-regulating Notch
signaling activation in Sertoli cells in vitro through addition of the
g-secretase inhibitor, DAPT. Primary Sertoli cells, isolated from
three separate sets of P2 testes, were isolated, passaged and
treated in parallel with 1, 5, and 25 mM DAPT. Analysis of Hes1,
Hey1, and Heyl expression in these cells veriﬁed that Notch
signaling activation was inhibited, as expression of all three target
genes was signiﬁcantly decreased (Fig. 9E; Po0.05 for all three
genes). Consistent with the decrease in Cyp26b1 and Gdnf expres-
sion in vivo due to overactivation of Notch signaling, loss-of-
function in vitro led to a signiﬁcant dose-dependent increases in
Fig. 8. Germ cells undergo apoptosis in Amh-cre;RosaNICD/þ testes. ((A)–(F))
Immunoﬂuorescence images of RosaNICD/þ ((A), (C) and (E)) and Amh-cre;RosaNICD/þ
((B), (D) and (F)) testis sections at E15.5 ((A) and (B)) and E17.5 ((C)–(F)) showing
SOX9 (green), TUNEL (red), and DAPI (blue). Hashed lines in (A)–(D) denotes
boundary between testis cords and interstitial compartment. Scale bars represent
100 mm. Higher magniﬁcation insets are 100 mm100 mm. (For interpretation of
the references to color in this ﬁgure legend, the reader is referred to the web version
of this article.)
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(Fig. 9E; P¼5.23102, 1.51102, and 6.32102 at 1 mM,
5 mM, and 25 mM, respectively).Discussion
In the present study, we found that NOTCH signaling is active in
normal Sertoli cells at various fetal and postnatal ages. To under-
stand the function of Notch signaling in these cells, we constitutively
increased NOTCH1 activation in Sertoli cells from approximately
E13.5 onwards. Mutant Sertoli cells were morphologically normal
before and after birth, but presented a number of molecular changes
that resulted in drastic effects on gonocyte numbers and physiology.
We observed aberrant exit of gonocytes from mitotic arrest, migra-
tion toward cord periphery, and premature differentiation. These
events, presumably unsupported by the cellular microenvironment,
were followed by gonocyte apoptosis and near complete disappear-
ance of the gonocytes by day 2 after birth.
Notch signaling is involved in cell fate decisions by either
initiating differentiation processes or by maintaining the undif-
ferentiated state of progenitor cells. For example, Notch signaling
promotes the differentiation of mammalian endothelial cells
(Hellstrom et al., 2007), while maintaining a pool of hematopoi-
etic stem cells (Duncan et al., 2005). Although numerous studies
have demonstrated the presence of Notch signaling components
in Sertoli cells and germ cells of the mouse testis (Dirami et al.,
2001; Hahn et al., 2009; Hayashi et al., 2001; Mori et al., 2003;
von Schonfeldt et al., 2004), the role of Notch signaling in these
cells remains unknown. In our previous work (Tang et al., 2008),constitutive expression of NICD1 at E11.5 using Sf1-cre mice
inhibited the differentiation of progenitor cells into fetal Leydig
cells. Complementarily, inhibition of Notch signaling through
pharmacological inhibition, or deletion of Hes1, enhanced the
differentiation of progenitor cells into Leydig cells. Thus, our
results demonstrated that at E11.5, maintenance and differentia-
tion of somatic precursor cells into Leydig cells is regulated
through Notch signaling. Both gain- and loss-of-function models
displayed early germ cell loss. However, because Sf1 is expressed
in the progenitor cells to fetal somatic cells at this time point
(Bingham et al., 2006), it is unclear whether gain-of-function
germ cell loss occurred due to RosaNICD expression in Leydig cells,
Sertoli cells, or both.
Recently, two independent groups generated and character-
ized Sertoli cell-speciﬁc conditional null mutants of POFUT1
(Batista et al., 2012; Hasegawa et al., 2011). These studies
revealed that the NOTCH modiﬁcations brought about by POFUT1
are dispensable for testis development and spermatogenesis.
Protein O-fucosyltransferase 1 (POFUT1) transfers O-fucose to
EGF repeats on Notch receptors (Wang et al., 2001) and Pofut1
global null mice display an embryonic lethal phenotype similar to
mice lacking components of the Notch pathway (Shi and Stanley,
2003). In mammals, however, POFUT1 is not required for stable
cell surface expression of NOTCH as an unrelated ER glucosidase
can substitute for POFUT1 in promoting Notch folding and
function (Stahl et al., 2008). Therefore, studies examining Pofut1
null deletion in Sertoli cells do not necessarily exclude a role for
Notch signaling in those cells. In the present study, we show that
Notch signaling is active in Sertoli cells at various times before
and after birth and we show that increased activation of Notch
signaling in Sertoli cells from approximately E13.5 onwards leads
to a drastic change in gonocyte fate, demonstrating that improper
Notch signaling in fetal Sertoli cells is incompatible with the
maintenance of gonocytes in an undifferentiated and quiescent
state during fetal testis development.
In the fetal testis, gonocytes remain in mitotic arrest from about
E15.5 until about 3 days after birth, but the mechanisms that
regulate this event are still poorly understood. However, experi-
mental data from Trautmann et al. (2008) revealed that retinoic acid
(RA) administration in vitro and in vivo prevents gonocyte mitotic
arrest. Because RA normally increases STRA8 expression in germ
cells (Koubova et al., 2006; Zhou et al., 2008), and since STRA8 is
upregulated in Amh-cre;RosaNICD/þ gonocytes, mitotic arrest might
have been prevented through activation of this pathway.
Our results also indicate that in the mutant mice, gonocytes
undergo premature entry into meiosis. This is supported by our
observation that STRA8 and SYCP3 are abnormally expressed in
gonocytes starting at E15.5. In addition, we observed a signiﬁcant
upregulation of Rec8, a cohesin protein ultimately required for
reductional chromosome segregation at meiosis (Eijpe et al., 2003;
Watanabe and Nurse, 1999). Further, upregulation of Sohlh2 expres-
sion (Hao et al., 2008; Suzuki et al., 2011) conﬁrmed that germ cell
differentiation had taken place. In general, aberrant and premature
gonocyte entry into meiosis is characterized by an upregulation of
STRA8 and SYCP3, in particular after ablation of CYP26B1, an
enzyme that degrades RA (Bowles et al., 2006; MacLean et al.,
2007). As germ cells are heavily reliant on their microenvironment
for proper maintenance, we surmised that the phenotype observed
in germ cells might be due to an increase in RA production, itself
caused by the loss of CYP26B1 in mutant Sertoli cells (Fig. 9A and B).
CYP26B1 is required for gonocyte arrest into mitotic quiescence
after sex determination (Li et al., 2009; MacLean et al., 2007), and
our phenotype is similar to that of Li et al. whereby Cyp26b1 was
speciﬁcally deleted in Sertoli cells using Amh-cre.
Interestingly, we also detected a signiﬁcant downregulation of
glial cell line-derived neurotrophic factor (GDNF) in the mutant
Fig. 9. CYP26B1, Cyp26b1, and Gdnf expression is decreased in Amh-cre;RosaNICD testes. ((A)– and (B)) Immunoﬂuorescence images of RosaNICD/þ (A) and Amh-
cre;RosaNICD/þ (B) testis sections at E15.5. CYP26B1 (green), GCNA (red), and DAPI (blue). Hashed line in insets denotes boundary between testis cord (T) and interstitial
compartment (I). Examples of CYP26B1þ Sertoli cells (arrowheads) and CYP26B1þ Leydig cells (chevrons) as marked. Scale bars represent 100 mm. Higher magniﬁcation
insets are 50 mm50 mm. (C) Real-time PCR analysis of Cyp26b1 gene expression in RosaNICD/þ and Amh-cre;RosaNICD/þ whole testes at E14.5 (D) Real-time PCR analysis of
Gdnf gene expression in RosaNICD/þ (black bars) and Amh-cre;RosaNICD/þ (grey bars) whole testes at E14.5 and E17.5, and primary cultures of Sertoli cells isolated from P10
testes. (E) Cultures of primarily isolated Sertoli cells from P2 testes were treated with 0, 1, 5, and 25 mM concentrations of the g-secretase inhibitor, DAPT, incubated for
18 h, then assayed for the mRNA expression levels of Cyp26b1, Gdnf, Hes1, Hey1, and Heyl. The Notch target genes Hes1, Hey1, and Heyl were signiﬁcantly decreased as
expected, and Cyp26b1 and Gdnf were signiﬁcantly increased. Results are given as means7standard error means (SEMs). Statistical analysis was performed by student’s t
test. nZ3, nnPo0.05; nnnPo0.001. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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Sertoli cell level (Fig. 9D). Postnatal Sertoli cells secrete GDNF,
which plays an essential role in SSC self-renewal (Meng et al.,
2000; Kubota et al., 2004; Naughton et al., 2006). Although a
similar role for this growth factor in fetal testes has not been
demonstrated, our present data suggest that GDNF might con-
tribute to gonocyte maintenance before birth. It is worth noting
that expression of the receptors for GDNF, RET and GFRA1, has
been demonstrated in postnatal gonocytes (Wu et al., 2009),
therefore a role for GDNF at perinatal stages of germ cell
development is likely.
As they resume proliferation, gonocytes migrate to the base-
ment membrane at the periphery of the testicular cords, where
they will settle and become spermatogonia (McGuinness and
Orth, 1992). Factors such as KIT ligand and PDGF are critical for
gonocyte migration (Basciani et al., 2008; Orth et al., 1997), andspeciﬁc chemokines such as CXCL12 and CCL9 might play a role as
well (Molyneaux et al., 2003; Simon et al., 2010). However, we did
not ﬁnd any aberrant production of these speciﬁc factors in the
mutant Sertoli cells, indicating that other unknown mechanisms
exist that regulate gonocyte migration shortly after birth.
Taking into consideration that Notch signaling is active in fetal
Sertoli cells under normal developmental conditions (Fig. 2), the
simplest interpretation of our ﬁndings is that increased activation of
Notch signaling in fetal Sertoli cells caused direct or indirect
transcriptional repression of Cyp26b1 and Gdnf, which in turn
promoted germ cell differentiation. In a complementary in vitro
approach, we demonstrated that downregulation of Notch activation
increased Cyp26b1 and Gdnf expression in normal Sertoli cells.
Therefore, Notch signaling in fetal Sertoli cells might be used to
control the balance between germ cell maintenance and proliferation
associated with differentiation before birth. Although constitutive
Table 1
Validated Illumina Expression BeadChip results on E14.5 testes.
Gene Entrez Gene ID Microarray qRT-PCR Validated
Fold Regulation P-value Relative expression (control E1.00) P-value
4933402E13Rik 74437 5.8 Up 1.3E03 10.070.56 4.0E06 Yes
Amhr2 110542 2.0 Up 4.3E03 1.4770.068 1.0E02 Yes
Ccnd1 12443 3.0 Up 3.8E04 3.4370.27 1.3E04 Yes
Cidea 12683 2.1 Up 1.8E04 4.5070.51 5.4E04 Yes
Cldn11 18417 2.1 Up 1.1E02 3.4570.26 9.1E05 Yes
Dmrta1 242523 3.4 Up 1.7E04 6.8170.16 3.1E07 Yes
Edg7 65086 2.7 Up 8.6E03 26.770.97 2.1E07 Yes
Gal 14419 3.0 Down 3.3E03 0.057370.013 7.2E05 Yes
Gdnf 14573 2.1 Down 2.5E02 0.18770.015 8.4E05 Yes
Hey1 15213 2.3 Up 8.8E04 2.4670.15 1.6E04 Yes
Lhx1 16869 2.1 Down 2.1E02 1.4670.033 1.3E04 No
Nme7 171567 2.7 Up 7.7E04 0.94470.040 2.5E01 No
Pdzk1 59020 2.6 Down 3.1E02 0.17470.015 1.3E02 Yes
Pitx2 18741 2.6 Up 3.3E02 20.373.3 1.1E03 Yes
Rec8 56739 3.4 Up 2.3E02 6.7770.69 1.7E04 Yes
Ret 19713 2.2 Down 8.1E03 1.0270.101 9.1E01 No
Stra8 20899 4.0 Up 4.3E02 163721 2.4E04 Yes
Tmem130 243339 2.2 Down 2.1E02 0.31470.031 1.1E03 Yes
Tspan17 74257 2.0 Up 3.9E02 1.3770.033 5.2E02 Yes
T.X. Garcia et al. / Developmental Biology 377 (2013) 188–201 199expression of activated NOTCH1 in our model began before birth, and
further study is required to elucidate the effects of Notch signaling in
Sertoli cells after birth, the implications of our ﬁndings may extend to
the control of spermatogonial stem cell quiescence and differentiation
after birth. Indeed, aside from regulating proliferation and differentia-
tion of stem cells during embryonic and fetal development, Notch
signaling has been shown to play key roles in controlling the
quiescence of adult stem cells (Reviewed in Liu et al. (2010)).
Data from the overactivation model demonstrates that an
excess or improperly-timed signal of NOTCH1 activation jeopar-
dizes fetal gonocyte development. Yet, TNR-GFP appears to be
equally expressed throughout fetal and postnatal development.
This disparity is most likely due to the use of enhanced, not
destabilized, GFP as a reporter. Since GFP is a stable protein, its
turnover within a cell will not exactly mirror the turnover of
NICD1. Therefore, it cannot be determined whether continuous
TNR-GFP expression in Sertoli cells is due to a continuous and
even response to Notch activation, or GFP accumulation from
spatially and temporally differential Notch signaling responses.
Thus, although the TNR-GFP model demonstrates that Notch is at
least activated in Sertoli cells at various times throughout devel-
opment, the complete spatial and temporal nature of this activa-
tion cannot be fully discerned with our model alone.
In conclusion, our mouse models demonstrate a possible func-
tional role for Notch signaling speciﬁcally in Sertoli cells and offers
a novel tool for elucidating factors critical to gonocyte maintenance
in the male fetal gonad after sex determination. Our studies
uncover a complex consequence of increased activation of Notch
signaling in fetal Sertoli cells and reveal the requirement for
optimal levels of Notch pathway activity in these cells. Substantial
gene expression differences in our model point to putative Notch
target genes, and suggest potential mechanisms by which Notch
signaling in Sertoli cells may contribute to germ cell homeostasis.
Molecular and morphological analysis of our model conﬁrmed that
the regulation of Notch signaling in Sertoli cells is critical for the
proper maintenance of germ cells in the developing testis.Acknowledgments
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